Purified mitochondria from the petite positive yeast Torulopsis glabrata contain a circular deoxyribonucleic acid (DNA) with a length of 6 ,um and a buoyant density of 1.686 g/cm3. This DNA is absent from ethidium bromideinduced respiratory-deficient mutants. Additionally, a second circular DNA component is present in both mutant and wild-type cultures with a length of 3 ,um and buoyant density of 1.710 g/cm3. Spontaneously arising respiratorydeficient mutants occur at a frequency of 10-5, which is 1,000-fold lower than in Saccharomyces cerevisiae. The mutants in T. glabrata each have mitochondrial DNA lower in buoyant density than the wild type and this change is accompanied by the appearance of a large number of small circular molecules. In considering factors responsible for the decreased frequency of spontaneous mutants in T. glabrata, a suggestion is made that the mitochondrial genome in S.
Purified mitochondria from the petite positive yeast Torulopsis glabrata contain a circular deoxyribonucleic acid (DNA) with a length of 6 ,um and a buoyant density of 1.686 g/cm3. This DNA is absent from ethidium bromideinduced respiratory-deficient mutants. Additionally, a second circular DNA component is present in both mutant and wild-type cultures with a length of 3 ,um and buoyant density of 1.710 g/cm3. Spontaneously arising respiratorydeficient mutants occur at a frequency of 10-5, which is 1,000-fold lower than in Saccharomyces cerevisiae. The mutants in T. glabrata each have mitochondrial DNA lower in buoyant density than the wild type and this change is accompanied by the appearance of a large number of small circular molecules. In considering factors responsible for the decreased frequency of spontaneous mutants in T. glabrata, a suggestion is made that the mitochondrial genome in S.
cerevisiae may be the result of two independent dimerizations of a basic 6-,um molecule.
Evidence has accumulated that the cytoplasmically inherited petite mutation resulting in respiratory deficiency in the yeast Saccharomyces cerevisiae is accompanied by deletions from the circular mitochondrial deoxyribonucleic acid (DNA) (6, 14, 15) . It has been proposed that these deletions occur by way of internal recombination at sites of homology, resulting in the excision of smaller circular DNA molecules (8, 18) . The homologous sites are thought to be located in, or associated with, the adenine and thymine (AT)-rich noncoding sequences known to constitute about half the DNA and to be heterogeneously distributed around the circular mitochondrial genome (2, 18, 19) . Studies with petite-negative yeasts have been undertaken to test these proposals. This class of yeasts is so termed because cytoplasmically inherited respiratory-deficient mutants have not been isolated from them (3, 10, 11) . Mitochondrial DNA from four petite-negative yeasts have circular genomes ranging from only a quarter to half the length of that from S. cerevisiae (17, 21) . The correlation between the smaller mitochondrial genome size and petite negativity prompted us to suggest that one explanation for petite negativity may be that the yeast lack the AT-rich noncoding sequences and, by implication, the homologous sites which are thought to occur in the S. cerevisiae genome (1, 17) .
As a continuation of our approach to testing the idea that there may be a correlation between genome size, presence of AT-rich sequences and the ability to form petites, we have examined the size and sequence heterogeneity of a number of petite-positive yeasts which are not closely related to S. cerevisiae. A surprising result is that Torulopsis glabrata, an asporogenous yeast, has circular mitochondrial DNA of only 12.8 x 106 daltons, a quarter the size of the S. cerevisiae mitochondrial genome. Nevertheless, spontaneously arising respiratory-deficient mutants from T. glabrata can have mitochondrial DNAs of altered buoyant densities and smaller genome sizes, thereby implying that they are formed by a similar mechanism to petites in S. cerevisiae. We conclude from these results that there is no simple relationship between genome size and presence or absence of AT-rich sequences in mitochondrial DNA. The implications of these considerations to the mechanism of the petite mutation are discussed.
extract (Difco), and 10 g of peptone (Difco). To this is added for GYP medium, 20 g of glucose; Gly YP medium, 40 g of glycerol; for EtYP medium, 40 ml of 96% ethanol; and GGYP medium, 40 g of glycerol and 2 g of glucose. Media are solidified by the addition of 15 g of agar (Difco).
EtBr-induced respiratory-deficient mutants. Cells of T. glabrata were exposed to the highest concentration of ethidium bromide (EtBr) compatible with growth to ensure the complete loss of mitochondrial DNA. This was achieved as previously detailed (4), by subculturing from the margin of growth after a loop of culture had been streaked through a drop of concentrated (10 mg/ml) EtBr on a GYP plate.
Spontaneous respiratory-deficient mutants. T. glabrata was grown for 24 h in EtYP liquid medium, plated on GGYP medium, and putative respiratorydeficient colonies were selected by small size after 3 days growth at 30 C. The putative mutants were resuspended in 0.5 ml of sterile water and portions were dropped onto GYP and GlyYP plates. Subsequently it was found necessary to streak some of the original isolates onto GGYP plates to obtain respiratory-deficient mutants free from contaminating respiratory-competent cells.
Growth rates. These were determined by following the change in optical density at 640 nm of cultures growing in 50 ml of GYP medium in 125-ml conical flasks shaken at 200 rpm. The cultures were maintained at 30 C in a gyratory water bath shaker. Dry weight can be related to optical density using a value of 0.022 mg (dry weight) per ml, giving an optical density of 0.1.
Absorption spectra determinations. Cultures of 100 ml in GYP medium were harvested by centrifugation in late-exponential or early-stationary phase, and the cells were resuspended in 3 ml of 50% (vol/ vol) glycerol-0.05 M sodium phosphate buffer, pH 7 .0. The absorption spectrum was determined against a starch flour paste (13) using a Cary 14 spectrophotometer fitted with a scattered transmission accessory. Dry weights of washed samples were determnined after 24 h at 110 C on preweighed aluminum foil cups.
Isolation and characterization of circular DNAs. Culture conditions, fractionation of cells, dye-buoyant-density centrifugation, analytical ultracentrifugation, and electron microscopy have all been described in detail elsewhere (4, 5) . Briefly, strains were grown overnight at 30 Fig. 1A and the size distributions of rate of the sheared DNA used in the analysis the molecules in Fig. 2A . Two discrete size was determined in a Beckman analytical ultra-classes ofcircles are present with lengths near 3 centrifuge in 0.05 M NaOH-0.95 M NaCl using and 6 ium. Some circular molecules with a single sector synthetic boundary cell centri-lengths less than 3 um and greater than 6 ,um fuged at 44,000 rpm. Sedimentation coefficients are also present. The molecular weights of the were calculated from the centrifugation data two major components have been determined according to Studier (22) .
by spreading the closed circular DNA in the presence of circularized X DNA (Fig. 1A ).
RESULTS

From a comparison of the circular molecules
Closed circular DNA from a mitochondria-relative to the size of the X DNA, molecular enriched fraction from wild-type T. glabrata is weights of 6.6 for the smaller and 12. from the coincident loss ofthe 1.686-g/cm3 buoyant-density peak and large-circular molecules in EtBr-generated respiratory-deficient mutants (Fig. 2C, 2D , and 3). Although the largecircle-size class is lost from all four EtBr-induced mutants (Table 2) , two mutants, ep-1 and ep-4, are illustrated as they have been consistently found to differ both in the ratios of 1.701 to 1.710 g/cm3 buoyant-density components in their closed circular DNAs (Fig. 3) , and also in their absorption spectra (see below). The reason for these differences is unknown. Additionally the small number of circular molecules in the larger size class seen in Fig. 2C for the larger circles have been determined (Fig. 2B) .
Analysis of the closed circular DNA by analytical ultracentrifugation revealed the presence of three peaks with buoyant densities of 1.710, 1.701, and 1.686 g/cm3 (Fig. 3, Table 1 ). An assignment of the 1.686 g/cm3 component to the 12.8 x 106-daltons-size class can be inferred Fig. 4 (Table 2) , and by electron microscopy the 3-,um circular molecules and oligomers account for 76% of the total length of all molecules, including smaller circles and linear DNA. On the other hand, with ep-1 only 27% of the DNA is the 1.710-g/ cm3 peak, whereas the 3-,um circular molecules and oligomers account for only 30% of the total length of DNA. These results suggest that the Spontaneous respiratory-deficient mutants. One of the most unusual characteristics of petite colony formation in S. cerevisiae is the high frequency of spontaneous mutants (6) . However, when we sought such mutants in T. glabrata none was found in a few thousand colonies. That this observation indeed reflects a low frequency of such mutants was clarified by plating a mixture of respiratory-competent cells and EtBr induced respiratory-deficient mutants. As seen in Fig. 5 Buoyant-density analyses showed (Fig. 3) , in addition to the 1.710-and 1.701-g/cm3 components, a lighter component in each isolate with a lower buoyant density than in the wild type ( Table 1) . Examination of the closed circular DNA from each mutant by electron microscopy showed the presence of a large number of small circular DNA molecules (Fig. 2B, C) . With sp-3 the size of the molecules fell into an oligomeric series based on the length of the smallest circles of 0.42 ,tm (Fig. 6A) . The situation is more complex with the other mutants. The isolate, sp-10, in addition to having circular DNA molecules which fall into an oligomeric series based on a monomer length of 0.41 ,gm, also appears to have at least one subset series of molecules indicated by arrows at a and b (Fig.  6B) . The two other mutants sp-16 and sp-19 contained a large number of very small circular DNA molecules with no clearly defined size classes, although in sp-19 the peak indicated by an arrow at b, with a length of 0.41 ,um, could be a dimer of the peak at arrow a with a length of 0.22 ,um. This cannot be so for sp-16, because the peaks indicated by arrows at a and b have lengths of 0.20 and 0.34 gm, respectively, and the latter occurs in a higher frequency. Additionally, in the mutant so-3, peak VII with a length of 3.3 ,um is thought to be the circular DNA with a buoyant density of 1.710 g/cms which also occurs in the wild type. Using a molecular weight of 6.6 x 10' daltons for this peak a molecular weight of 0.85 x 101 daltons is obtained for the circular monomers in peak I. This value is 7.25% of the size of the original mitochondrial genome.
The growth rates of the spontaneous mutants, together with the two EtBr-induced mutants, are contrasted with wild type (Table 4 ). The growth rates of all respiratory-deficient mutants are lower than the respiratory-competent cells, but additionally the spontaneous mutants grow at a slower rate than the EtBrinduced mutants.
Absorption spectra of the wild type, two EtBr-induced mutants, and one spontaneous mutant, are illustrated in Fig. 7 , where it is seen that the wild type has absorption peaks with maxima at 606, 561, and 551 ,um, corre- sponding to the a bands for cytochromes aa3, b, and c, respectively. The two EtBr-induced mutants differ slightly in their absorption spectra but nevertheless lack the 606-nm absorption peak of cytochrome aa3 and most of the cytochrome b absorption band at 561 nm. Two small absorption peaks at 586 and 505 nm are now present in these spectra and could be due to protoporphyrin IX.
Only the absorption spectrum of the spontaneous mutant sp-16 is illustrated, as all four isolates were identical. Like the EtBr-generated mutants, these isolates all lack cytochromes aa3 and most of the absorption band of cytochrome b. These parameters are compatible with a cytoplasmic origin for the spontaneous mutants.
DISCUSSION
It is known that a number of yeasts from widely separated genera are capable of giving rise to respiratory-deficient mutants similar in phenotype to petites from S. cerevisiae. One of these yeasts, previously reported to be petite positive, is T. glabrata (3).
Circular DNA from a mitochondria-enriched membrane fraction from respiratory-competent wild-type T. glabrata contains three buoyantdensity peaks and three types of DNA circle sizes when observed in the electron microscope. The circular DNA of buoyant density 1.686 g/ cm3 and length of 6 gm, which is present in purified mitochondria, is absent from EtBr-induced respiratory-deficient mutants. This is similar to the situation in S. cerevisiae whereby EtBr can cause the formation of petites which have lost the 1.684 g/cm3, 25-,tm mitochondrial 'DNA (12, 16) . The molecular weight of the mitochondrial DNA in T. glabrata has been estimated to be 12.8 (17) . Their buoyant density has not been established, but they may in part be responsible for the small peak of 1.701 g/cm3 which is present in the supercoiled DNA of both wild-606 type and EtBr-generated petites.
Spontaneously arising respiratory-deficient mutants of T. glabrata are found to occur at the low frequency of around 10-5. All four isolated mutants have mitochondrial DNA of altered buoyant density. This change is accompanied by the appearance of smaller circular molecules and the loss of the 6-,um size class. Two of the spontaneous petites, sp-3 and sp-10, have discrete circle size peaks falling into an oligomeric sequence reminiscent of the situation found with some EtBr-induced petites of S. cerevisiae (15) . The other two petites, sp-16 and sp-19, have much smaller circular molecules with no clearly definable single monomer length. Heterodisperse circle sizes have also been observed in some petites of S. cerevisiae (1, 7) , indicating that this is a general property of respiratorydeficient isolates. The interesting question of whether these heterodisperse circular mole-\ J \ t cules coexist within single cells is still undecided. The occurrence of mitochondrial DNA of altered buoyant density and smaller circular size in the spontaneous mutants of T. glabrata indicates that the mutants are cytoplasmic in ori-\ -\ 3 gin. Additionally the respiratory-deficient phenotype in these mutants is accompanied by a loss of cytochromes aa3 and a slower growth rate, properties characteristic of cytoplasmically inherited respiratory-deficient mutants in S. cerevisiae. Although these results are strong arguments for the belief that the spontaneous mutants in T. glabrata are due to cytoplasmically located events, the possibility cannot at present be dismissed that these isolates carry additional chromosomal mutations affecting the respiratory-competent phenotype.
The incidence of spontaneously occurring res- Therefore, the 1,000-fold lower incidence of spontaneously arising respiratory-deficient mutants in T. glabrata compared with S. cerevisiae is not due to the entire absence ofAT-rich sequences in the mitochondrial DNA of the former yeast. Several factors need to be considered in attempting to explain the differing incidence of spontaneous mutants in the two species. Firstly, there may be more sites of homology in the mitochondrial DNA of S. cerevisiae than in T. glabrata simply because the former yeast has a genome four times the length of the latter. Additionally there may be a greater number of sites per unit length of DNA and these sites may differ in their size and the fidelity of sequence matching. Furthermore the arrangement of the sites around the circular molecule may have an influence on whether sites can be physically brought into alignment for an internal recombination event to take place. Pertinent to these points is the fact that the mitochondrial DNA in S. cerevisiae is four times the length of that in T. glabrata. Furthermore some yeasts have circular mitochondrial DNAs either the same size as (Schizosaccharomyces pombe, 6 ,um), or double (Candida parapsilosis, 12 ,m; Kluyveromyces lactis, 12 ,um) that of T. glabrata (17, 21) . This could mean that the larger circular DNAs found in some yeasts and other organisms are the result of one or two dimerizations, as suggested for the formation of the Escherichia coli chromosome (24) . Further support for the concept that the S. cerevisiae mitochondrial genome is the result of dimerization comes from the finding that the sequences coding for the small and large mitochondrial ribosomal RNA subunits are separated by at least one-third of the molecule (20) . This could either have occurred by transposition of one of the cistrons in the 25-,m molecule or more likely we contend, by dimerization followed by devolution of redundant cistrons.
If indeed the mitochondrial DNA ofS. cerevisiae has been formed from two rounds of dimerization then, in addition to having sites of homology in noncoding AT-rich sequences, it could well have retained some sequence homology in other regions of the genome. Therefore the high frequency of spontaneously arising petites in S. cerevisiae may be the summation of two processes of excision, one occurring at sites in AT-rich regions and the second at homologous sites in other regions of the genome. The second process may well not occur in T. glabrata because of the uniqueness of the genome, and this could possibly be a further contributing factor to the low frequency of spontaneous mutants in this yeast.
The present results are also crucial to an understanding of petite negativity. It is now apparent that the smaller mitochondrial genome sizes in petite-negative yeasts, in comparison with S. cerevisiae, are not simply due to the absence of noncoding AT-rich sequences. Furthermore we have shown that one petitenegative yeast Hansenula wingei, with a circular mitochondrial DNA of 17.3 x 106 daltons, has the same buoyant density as in T. glabrata (17) . This suggests, at least in the case of H. wingei, that failure to form viable respiratorydeficient mutants may not be a consequence of its DNA structure. Other explanations need to be considered, such as the presence of viability genes in the mitochondrial genome (8) or the absence of appropriate enzymes to catalyze the breakdown of the DNA.
